Closure of superficial wounds in epithelia occurs by migration of cells shouldering the wound. We describe an in vitro model of such restitution using a human intestinal epithelial cell line,
Introduction
The epithelial lining ofthe alimentary tract forms an important barrier to a wide array of noxious substances in the lumen. Rapid resealing ofinjuries to this barrier is thus ofmajor physiological importance. This key barrier has a striking capacity for resealing superficial wounds, a process that is termed restitution and occurs both in vitro (1-3) and in vivo (3) throughout the alimentary tract and in related columnar epithelia. Restitution refers to resealing of superficial wounds occurring as a consequence of epithelial cell migration into the defect, rather than of epithelial cell proliferation. Other events, such as contraction of underlying fibroblasts, may also contribute to resti-tution (4) . The restitution process is particularly remarkable, for it necessitates that differentiated polarized columnar epitheHal cells flatten, spread, migrate, and ultimately repolarize. Motility of cells such as fibroblasts and macrophages has been investigated in detail (5, 6 , see reference 7 for review). The mechanisms by which polarized epithelial cells change to the flattened phenotype and become motile is not as extensively characterized. Study ofsuch events during epithelial motility is severely limited in natural mucosae, due to their complex geometry, heterogeneity, and finite in vitro life span. In contrast, cultured cell lines do not have such limitations. The T84 polarized human intestinal epithelial cell line with many cytoskeletal and junctional features similar to those of natural intestinal epithelia (8) (9) (10) forms electrically tight monolayers. For this reason, we have utilized this cell as a model to better characterize migration events during restitution. As will be detailed, the wounded edges of T84 monolayers recapitulate the general structural features occurring at intestinal wound margins during restitution. In this in vitro model, such features can be studied with ease and in substantially greater detail. Also, as will be shown, these cells exhibit several general features of motility shared by nontransformed cells (macrophages, fibroblasts) during migration. We also define a model of restitution in which motile epithelial cells can be easily visualized. T84 cells are grown on optically clear collagen sheets assembled onto polycarbonate rings without underlying filter supports that interfere with visualization. Using such a model, highly defined wounds can be made in monolayers without disturbing the underlying matrix. This is achieved by suction through a micropipette applied to the surface of a small disk ofT84 cells. Such preparations permit continuous studies of both cell morphology and physiological events during restitution, and allow us to define cytoskeletal specializations at such sites. For example, we show that F actin and an actin-regulating protein, villin, distribute to the leading edge, and that a recently recognized member of the myosin family, myosin I, thought to be important to motility in nonepithelial cells, is also expressed at the leading edge.
Methods

Cell culture
The T84 human colonic cell line (9, 1 1) was grown and passaged as previously described ( 1, 12) . T84 monolayers were prepared on permeable supports of rat tail collagen, described below, or on glass coverslips.
Construction ofpermeable supports and monolayers T84 cells were grown as monolayers on translucent permeable supports of rat tail collagen in a culture dish constructed by a modification of that described by Steele (13) . Type 1 collagen was extracted from rat tail tendons in 1% acetic acid using the method of Cerijido (14) . We was attached to a polycarbonate ring and T84 cells plated at high density on this matrix to form monolayers. For imaging, the ring was placed in a glass-bottomed petri dish. Monolayers could be directly imaged or transferred to Ussing chambers modified for cell culture, or to sterile chamber devices for functional studies.
duce an optically clear substrate, presumably due to uniformity in collagen fibril size, and, hence, production ofmore uniformly packed, less hydrated, and therefore more light scattering crosslinked gel. Viscous collagen, isolated as above, was maintained at 40C and was precleared by centrifugation at 25,000 g for - 30 min. This resulting collagen solution was applied to washed and boiled glass plates at 280 ,4l/cm2 and allowed to dry. The plate was then flooded with 3.5% ammonium hydroxide for 45 min, after which the collagen sheet was teased from the glass surface. In rapid succession, the ammonia solution was removed, the membrane washed twice in distilled water, and then serially rinsed with increasing concentrations of ethanol up to 70%. After storing in 70% ethanol for at least 1 wk, collagen disks were cut, using a sharpened 10-mm cork borer. These collagen disks were submerged for 5 min in 2.5% glutaraldehyde, washed in water, and attached via a collagen gluing method (13) to the roughened base of polycarbonate dishes.
Polycarbonate dishes were made from 20-mm inner diameter, 25-mm outer diameter tubing cut in 6-mm lengths, to which a solid 1-mm thick polycarbonate disk was glued. Drilling a 5-mm hole with 450 beveled edges in the center of the disk provided the chamber (0.196 cm2) (see Fig. 1 ). The bottom ofthis chamber was formed by a collagen membrane supporting the T84 monolayer. The assembled dish was exposed to ammonia fumes for 5 min, immersed in 2.5% glutaraldehyde for 30 min, and stored in 70% ethanol. T84 cells were plated at 4 X I05 cells/0. 196 cm2 (Fig. 1 ). Rings were suspended to allow basolateral access to media. Cells were also similarly plated on 12-mm glass coverslips.
Electrophysiologic studies
Transepithelial resistance and solute flux were measured in modified Ussing chambers adapted for cultured epithelial monolayers, as previously described (1 1, 12 A, inulin 1 1.5 A), as described previously (10) . Serial measurements of electrical parameters in monolayers under sterile conditions were achieved in a sterile chamber device, as previously described (15 Actin. This was performed using rhodamine-labeled phalloidin (Molecular Probes Inc., Eugene, OR). In the period after wounding, the resealing monolayer was rinsed in PBS, fixed for 10-15 min at room temperature in 3.7% formaldehyde, rinsed again in PBS, permeabilized for 10 min in -20'C acetone, air dried, stained with rhodamine-labeled phalloidin for 30 min at room temperature in the dark, rinsed twice in PBS, and mounted on microscopic slides in a PBS-glycerol-pphenylenediamine solution (1:1:0.01) to preserve fluorescence. Cells were examined and photographed, as outlined above.
Myosin I, myosin II, villin, andfodrin. Resealing T84 monolayers were washed in PBS, fixed in 3.7% formaldehyde, and again rinsed in PBS. All antibodies were diluted with PBS containing 0.2% gelatin. For myosin and villin staining, cells were permeabilized in -20'C acetone for 10 min. To localize fodrin, T84 cells were permeabilized in 0.1% Triton X-100. All primary antibodies were incubated for 60 min at Electron microscopy T84 monolayers were fixed for ultrastructural studies by submersion in 2% glutaraldehyde in 0.1 M Na cacodylate buffer. Subsequent processing was as previously described (8, 10 (Fig. 2 A) . Paralleling the increase in resistance, there was a substantial restriction to permeation by the inert paracellular solutes mannitol (519±207 to 54±7 nmol-h-' .cm2) and inulin (10.8±0.7 to 1.3±0.4 nmol -h'-cm-2) by 7 d after plating (Fig. 2 B) .
Restitution ofT84 monolayers after wounding. As shown in Fig. 3 , beveled micropipettes with 0.5-mm tips could be used to produce wounds by removing, with suction, a disk ofepithelial cells from the monolayer. After injury, cells adjoining the wound flatten, spread, and migrate into the wound. Accompanying this active migration, cells surrounding the wound show varying degrees of flattening and spreading. Within 20 h the wound was closed (Fig. 3 D) . Since T84 cells have long doubling times (confluency not reached until 7 d after a 1:2 split), the time course of the above closure response suggested that it was in large part due to flattening and migration of existing cells (i.e., "restitution"), rather than due to proliferation. Experiments with irradiated cells corroborated this. 3,000 rad, a dose that we found maximally reduced [3H]thymidine incorporation into T84 cells, did not affect the ability of subsequently wounded monolayers to morphologically close in an identical fashion to that shown in Fig. 3 . Additional irradiation experiments revealed that the time course of postwound electrical resealing after inhibition ofproliferation was not delayed, as compared with that ofcontrol monolayers (data not shown).
As assessed by phase microscopy in Fig. 3 D, migrated cells and their adjoining spread cells, filling the site ofthe wound after 20 h, occupy a discrete lower focal plane (i.e., flattened). This is in contrast to cells distant from the wound that have indistinct borders due to their columnar shape. Also, cells that have migrated into the wound are oriented perpendicular to the original edge of the wound (Fig. 3 D) . As an additional approach to verify that wound closure in our system is due to cell migration, we measured the nuclear density per unit area in wounded and nonwounded sites. Nuclear density was assessed in hematoxylin stained monolayers. After reepithelialization, wounded areas had 108±8 nuclei per high power field, as opposed to columnar areas distant from Fig. 9 ). Bars, -1 gm.
wounds that had a corresponding value roughly three times greater (360± 10; P < 0.00 1). Such data quantitatively indicate that cell volume is redistributed into a flattened phenotype as cells migrated into the wound. As shown in Fig. 4 , wounds made in a controlled fashion elicited an immediate 51±3% decrease in resistance, and an immediate 320±31% increase in inulin flux. These quantitative measures of wound size returned to baseline within 18-24 h after wounding (100±14 and 11 1±34% of baseline value for resistance and inulin flux, respectively, at 24 h). Thus, the time course of functional recovery parallels morphologically defined restitution shown in Fig. 3 .
In Fig. 5 , cells on the edge of the wound undergo marked phenotypic changes that can be detected within 1 h after wounding. First, cells within several cell positions from the wound reorient such that their long axis is toward the wound (also seen in Fig. 3 D at time of closure) . Cells shouldering the wound extend broad lamellipodia-like, and narrow filopodialike cytoplasmic protrusions into the wound as they become markedly flattened. Moreover, as mentioned above, cells several rows adjoining the migrating front also flatten and spread to varying degrees, depending on their position relative to the wound. Thus, cells within the second row adjoining the wound are more spread, compared with those six rows away. The effect ofsuch migration-related flattening on the ability ofcells to cover surface area can be readily appreciated by comparing the crossdimensions of the flattened cells adjacent to the wound to those of the columnar cells distant from the wound in Fig. 5 . Similar cell migration and spreading in response to wounding has been observed in other epithelia such as the retinal pigment epithelial cells maintained in organ culture (19) . Sequential imaging revealed that T84 cells migrated into the wound at a rate of 6.6±1.5 um .h-', nearly the equivalent of one cell position per h (diameter of columnar polarized cells is (Fig. 6, top) . In contrast, cells which migrated to close the wound, as shown in the en face image of unfixed monolayers in Fig. 3 D, were substantially flatter due to spreading. These flattened cells displayed less evidence of polarity (Fig. 6,  bottom) , although intercellular junctions were present at the basolateral/apical membrane transition site (not shown).
During the process of wound closure, the cytoplasmic protrusions at the migrating front (seen in Fig. 5 ) were characterized by exclusion of organelles, presumably due to the dense accumulation of cytoskeletal elements (Fig. 7, A and B) . Cross sections through these sites showed microfilaments accumulated in bundled arrays that were often most dense at the interface of these lamellipodia-like processes with the underlying matrix (Fig. 7, B and C) . Such extensions typically display isolated microtubules or collections of microtubules arranged parallel to the direction of migration (Fig. 7, B and C) . ticularly dense microfilament arrays within a narrow extension of the leading edge. These latter sites may correspond to the F actin microspikes described below.
Reorganization of epithelial fodrin, F actin, myosin II, myosin I, and villin at the migrating front during restitution. Although the imaging chamber is ideal in allowing combined functional and structural studies of the restitution process in the living state, fluorescence localization of cytoskeletal elements requires fixation, and we found substantial background fluorescence from the transparent support. Subsequent studies of wounds identically produced on glass revealed, as will be shown below, that the restitution phenotype was faithfully recapitulated, thus permitting immunofluorescence studies in this system. However, there did exist a substantial difference in the rate of T84 cell motility on glass vs Type I collagen membrane (mean rate of migration of cells at leading edge = 1.6 vs 6.6 ,um h-' for glass vs permeable collagen support).
Fodrin, a nonerythrocyte spectrin-like molecule key in submembranous cytoskeletal organization (21) , displayed a diffuse submembranous cytoskeletal organization with reticular distribution throughout lamellipodia-like protrusions, just as occurs in association with the plasma membrane of unperturbed T84 cells (Fig. 8) . Since cell motility is thought to require force-based cytoskeletal interactions, we next examined F actin distribution at the migrating front. In T84 cells from unperturbed monolayers (Fig. 9, A and B) F actin is organized into four main compartments: (a) a prominent apical perijunctional ring; (b) fine apical deposits representing cytoskeletal cores of the microvilli; (c) a fine basolateral F actin cortex; and (d) scattered dense basal fibers representative of stress fibers. Marked F actin redistribution occurs within migrating cells shouldering wounds within 1-2 h (Fig. 9 C) and continues during restitution until closure. At the edge of the wound, lamellipodia-like protrusions are characterized by a dense F actin arc that extends across the base ofthe protrusions and parallels the wound's edge (Fig. 9 D) . Within the lamellipodia are long (several micrometers), fine, F actin cables arranged perpendicular to the wound edge, and at the leading edge are brightly labeled F actin microspikes (-1 ,um) (Fig. 9 D) . Comparable F actin cables extend the length of the narrower filopodia.
To generate the force required for movement, actin putatively interacts with mechanoproteins such as myosin. In unperturbed monolayers, myosin II is predominantly distributed in two compartments at the light microscopic level (Fig. 10) : as a perijunctional ring (A), and as basal stress fibers which stain with a regular periodicity (B). Within 3 h after injury, myosin II also extends as fibers into the basal regions oflamellipodia and filopodia-like protrusions. By 6 h after woundipg, lamellipodia display fibers that stain for myosin II with a periodicity which suggests early formation of stress fibers (Fig. 10) . Myosin II is predominantly localized to the basal and mid zones oflamellipodia, with occasional extension into the migrating front in the region of microspikes. In contrast to myosin II, myosin I is localized throughout lamellipodia-and filopodia-like protrusions as small dot-like plaques (Fig. 1 1) . In several protrusions it appeared that fine dot-like myosin I signals lined up in parallel to the axis of migration. Myosin I staining occurred throughout lamellipodial protrusions but was not especially enriched at the leading edge (Fig. 1 1) . Scattered, highly intense myosin I signal appearing as larger plaques was present in a subset of lamellipodia-and filopodia-like protrusions. In undisturbed polarized cells distal to the wound site, myosin I displayed prominent perinuclear and membrane localization (Fig. 11) .
Lastly, villin, an epithelial specific F actin bundling/severing protein, was largely restricted to the brush border of T84 cells distant to wound sites as it is in natural enterocytes, although some faint basolateral staining was present (Fig. 12 A) (22) . However, at the wound site, within 2-3 h after injury, villin was redistributed and found multifocally in the longitudinal fibers extending into lamellipodia (Fig. 12 B) , in arcs at the base oflamellipodia (Fig. 12 C) , and focally at sites suggesting colocalization with F-actin rich microspikes (Fig. 12 D) . A prominent feature ofvillin distribution in lamellipodia-like projections, in contrast to F actin, myosin II, myosin I, or fodrin, was the marked variability and nonuniformity of its appearance in the above sites. This would suggest its role in remodeling of F actin during the constant ebb and flow of cytoplasmic protrusion, as discussed below.
Discussion
We describe a cell culture model of intestinal epithelial wound closure that incorporates a translucent biological support, and that recapitulates the essential features of restitution (1, 2) in natural intestinal epithelia. For example, epithelial lamellipodia-like extensions are known to underlie restitution in natural epithelia (1, 2) , but the complex geometry of these systems greatly restricts detailed analysis of such structures and events. In contrast, the model reported here enables one to measure functional parameters ofresealing, while simultaneously imaging cell shape change and migration by phase or Nomarski optics. Cell migration, an essential feature of restitution, has been investigated in diverse cell types which include fibroblasts, macrophages, dictyostelium, ameba, fish keratocytes, and retinal pigment epithelial cells (7, 19, 23, 24, 25) . We find that intestinal epithelial cell migration subsequent to wounding shares many features common to cell migration in such simple (and nontransformed) systems. For example, fibroblasts, macrophages, and retinal pigment epithelial cells also move by extending broad lamellipodia in the direction of movement (7, 19) . As shown here, such lamellipodia-like protrusions are also clearly imaged in migrating intestinal epithelial cells. Such lamellipodia, in combination with cell flattening and spreading, represent the initial events in covering the denuded surface area. Ultrastructural analysis showed epithelial lamellipodia to include dense collections ofmicrofilaments running perpendicular to the wound edge, with focal dense microfilament collections at the most anterior portion of lamellipodia. Similar microfilament bundles have been identified in other migrating epithelial cells such as migrating retinal pigment epithelial cells maintained in organ cultures ( 19) .
Examination of the anatomy of specific cytoskeletal elements in migrating intestinal epithelial cells during restitution defined not only similarities to events in migrating nonepithelial cells, but also interesting differences. As discussed below, such differences may be of substantial importance since epithelial cells display some unique cytoskeletal elements not present Epithelial Cell Motility in Restitution 1507 in fibroblasts, macrophages, or amebas. The actin cytoskeleton has been implicated as an important element required for cell locomotion in diverse cell types, including neutrophils, retinal pigment epithelial cells, embryonic chicken gizzard cells, neurons, fish keratocytes, and the slime mold dictyostelium. These cells reorganize F actin at the leading edge, which appears to support lamellipodia or growth cones of neurites (19, (26) (27) (28) (29) (30) (31) . The exact mechanism of actin polymerization/depolymerization, and the contribution of these events to lamellipodial extrusion, is, however, not clear. This process is likely to be crucial in force generation, and is thought to mechanistically mediate cell locomotion (7, 25, 31, 32) . Models proposed to explain the contribution of F actin to lamellipodial protrusion, and therefore cell locomotion, include treadmilling and the nucleation release model. Treadmilling, a process by which actin monomers are added to F actin filaments at the advancing edge with depolymerization proximally, provides the force for forward extension of lamellipodia (24) . Theriot and Mitchison have proposed a nucleation release model for actin filament dynamics in lamellipodia of rapidly migrating fish keratocytes (25) . According to their model, short randomly oriented and rapidly exchanging actin filaments exist in lamellipodia that advance by a greater degree of actin polymerization at the cell margin than the rear. However, no unified theory to explain actin dynamics in lamellipodia of mammalian epithelial or nonepithelial cells exists. F actin within lamellipodia of nonepithelial cells may move toward the cell interior during migration, forming arcs across the base of lamellipodia which then may be swept rearward as motility proceeds (see reference 7 for review). Arcs similar to those observed in our T84 cell model are seen in intestinal epithelial cells, and like those in fibroblasts, they also display myosin II periodicity. Comparable fibers with myosin II periodicity also extended into the lamellipodia-like protrusions. Such fibers are predominantly localized to the basal regions of lamellipodia, with an occasional extension to the advancing front of motile T84 cells in regions of actin microspikes. It has recently been suggested that the mechano-proteins with which actin interacts to generate contractile force at the leading edge of migrating cells are members ofa new myosin family (myosin I), which are largely membrane associated (33) . Evidence for this originated in ameboid cells using recombination mutants lacking functional myosin II (34) , and in microinjection studies using myosin II antibody (35) or antisense RNA (36) . When functional myosin II was so depleted, it was found that these cells still exhibited directed motility, although minor characteristics of the motility pattern were altered (34) (35) (36) . Such motility was subsequently suggested to be myosin I based (33) . We show that similar to studies ofthe slime mold dictyostelium (33) , myosin I proteins are expressed in restituting intestinal epithelial cells at the leading edge. However, in contrast to those studies, we find no evidence of specific enrichment of myosin I at the leading edge of lamellipodia.
As alluded to above, while several features of motility are shared between T84 cells and nonepithelial cells, striking differences also exist. One striking difference is the appearance of villin in lamellipodia-like extensions at the leading edge. Villin, a 95-kD epithelial-specific cytoskeletal protein which, depending on intracellular calcium concentration, may serve either as an F actin bundling or severing protein (22) . Villin has a restricted localization in confluent epithelial sheets of columnar cells including T84 cells. It is chiefly associated with the microvillus core bundle of F actin, although lesser association with actin distributed on the lateral membrane also occurs (22) . Recent studies have shown that when villin is transfected into fibroblasts, there is dramatic lengthening of F actin bundles projecting from the cell surface (37) . Such results were interpreted as indicating villin-induced formation of nascent brush borders in a nonepithelial cell type. As expected, we find that T84 cells also express brush border villin, as do other intestinal epithelial cell lines such as CaCo-2 (38). However, in restituting cells, we find villin also expressed in lamellipodia. A striking characteristic of villin distribution in lamellipodia, as opposed to that of F actin, fodrin, myosin II, or myosin I, is the marked nonuniformity ofthe former, a result that may suggest a role of villin in the dynamic F actin severing/bundling cascade likely to occur with movement oflamellipodia. Such findings suggest that epithelial cell locomotion during restitution may show unique differences from locomotion in nonepithelial cell types. The incorporation of epithelial-specific cytoskeletal proteins such as villin into the cascade of events that result in functionally and morphologically defined wound closure may be necessary. Therefore, future studies using microinjection ofantibodies or antisense RNA to villin and/or transfections of intestinal epithelia with villin mutants are needed to clarify the speculative functional role of this protein in restitution.
Lamellipodial extrusion, cell spreading, and locomotion is a complex phenomenon likely to be dependent on multiple coordinate events that include dynamic actin restructuring, force transduction by mechanoproteins such as members ofthe myosin I and II family, and cell-matrix interactions. Cell-matrix interactions have been observed in lamellipodia of migrating epithelial (19) and nonepithelial cells (39) at sites termed focal contacts or focal adhesion plaques. Actin microfilaments in lamellipodia are closely associated to the extracellular matrix via proteins in focal contacts that include vinculin and talin. Actin microfilaments are hypothesized to transmit force on the substratum and provide traction for the leading edge Epithelial Cell Motility in Restitution 1509 Figure 12 . Immunofluorescence localization of the epithelial-specific F actin bundling and severing protein villin. (A) En face view in the plane of the apical membrane. Villin staining is shown by the arrows. At sites distant to wounds, or in intact monolayers, villin is restricted to the microvillus border as in native intestine. The appearance of a fine flocculated apical distribution is indicative of its presence in microvilli. The increased perijunctional staining density is due to the known increased density of microvilli at this site. (B-D) Villin staining occurs at the leading edge, but is much more variable in pattern at this site than is staining for F actin, myosin II, or fodrin. Lamellipodia can stain at the periphery (B), at the zone of the F actin arc (C), or within microspikes (D) . As shown in D, substantial variability in villin staining occurs between even adjacent lamellipodia (compare lamellipodia 1 with lamellipodia 2). Bar, -5 tim.
protrusion. Our studies provide a model with which such mech
